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X-ray and neutron scattering studies of the lead-based family of perovskite relaxors PZN-xPT
and PMN-xPT have documented a highly unusual situation in which the near-surface region of a
single crystal can exhibit a structure that is different from that of the bulk when cooled to low
temperatures. The near-surface region, or ”skin” can also display critical behavior that is absent in
the crystal interior, as well as a significantly different lattice spacing. By varying the incident photon
energy, and thus the effective penetration depth, x-ray measurements indicate a skin thickness of
order 10 µm to 50 µm for PZN-xPT samples with 0 ≤ x ≤ 8%. Neutron residual stress measurements
on a large PMN single crystal reveal a uniform lattice spacing within the bulk, but an increased
strain near the surface. The presence of this skin effect has led to incorrect phase diagrams for both
the PZN-xPT and PMN-xPT systems and erroneous characterizations of the nature of the relaxor
state.
PACS numbers:
I. INTRODUCTION
The exceptional piezoelectric properties of the lead-
oxide class of relaxor ferroelectrics has fueled an intense
amount of scientific research on these materials over the
past several years.1,2 Numerous studies have been per-
formed in an attempt to understand the fundamental
mechanism(s) responsible for the ultrahigh piezoelectric
response of these compounds.3 During the course of these
studies, additional anomalous behavior has been docu-
mented including the truly remarkable situation in which
the structure of the bulk of a single crystal relaxor spec-
imen can differ from that of the near-surface region, or
”skin,” which spans tens of microns. The x-ray scat-
tering studies of Xu et al. have revealed a striking dis-
crepancy between the low-temperature crystal structure
reported by earlier x-ray scattering studies on the par-
ent compound Pb(Zn1/3Nb2/3)O3 (PZN) and that ob-
served using high-energy x-rays.4,5,6 By varying the en-
ergy of the incident x-rays, and thus the penetration
depth, distinct crystal structures were observed. Subse-
quent neutron scattering studies by Gehring et al. have
found that the same discrepancy exists in solid solutions
of Pb(Mg1/3Nb2/3)O3 (PMN) mixed with 10% PbTiO3
(PT).7 More recent neutron residual stress measurements
on a large single crystal of PMN at room temperature
show that the cubic unit cell lattice parameter varies
with the depth normal to the crystal surface, with a cor-
responding large surface strain.8
In this paper we review and expand upon the cur-
rent understanding of the skin effect in the PZN-xPT
and PMN-xPT relaxor systems. New data are reported
that demonstrate the high variability in crystal structure
that can be obtained from x-ray measurements made on
the same single crystal specimen, but at different loca-
tions over the crystal surface. A detailed analysis of high
resolution neutron data obtained on PMN-10%PT sin-
gle crystal reveals the presence of strong internal strain
that does not manifest itself as a true structural tran-
sition, but is nonetheless correlated with the cubic-to-
rhombohedral phase transition temperature determined
with low-energy x-rays. New data is also presented that
demonstrates that the depth dependence of the lattice
constant measured in pure PMN varies significantly with
temperature. While these findings are of obvious signif-
icance from a fundamental research point of view, they
are also important because the skin effect has misled re-
searchers into drawing incorrect conclusions about the
PZN-xPT and PMN-xPT phase diagrams, as well as sev-
eral other erroneous assumptions about the true relaxor
state.
II. LOW TEMPERATURE STRUCTURE OF
PZN: X-RAYS
The phase diagrams of the PZN-xPT and PMN-xPT
systems are striking in their similarity; both exhibit
cubic-to-rhombohedral phase transitions at low PT con-
tent, cubic-to-tetragonal phase transitions at high PT
content, and a steeply-sloped morphotropic phase bound-
ary (MPB) separating monoclinic9 and tetragonal phases
over a narrow range of intermediate PT concentrations.
Figure 1 shows the phase diagram for PMN-xPT. In addi-
tion, all compounds below the MPB exhibit exceptionally
large piezoelectric coefficients as well as other properties
characteristic of relaxors, namely a strongly frequency
dependent dielectric susceptibility and a very large room
temperature dielectric constant. Given these numerous
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FIG. 1: Zero-field phase diagram of PMN-xPT.
similarities, the x = 0 case of pure PMN stands out as
an oddity because several studies have shown that the
crystal structure retains an average cubic structure down
to 5 K,10,11 whereas the x-ray measurements by Lebon
et al. show that pure PZN transforms to a rhombohe-
dral phase at a transition temperature Tc = 410 K.
12
The unique status of PMN was made all the more cu-
rious after an intriguing study by Ohwada et al. on a
zero-field cooled single crystal of PZN-8%PT did not find
the expected rhombohedral phase below Tc.
13 These re-
sults motivated the decision by Xu et al. to re-examine
the zero-field structure of pure PZN, especially because
previous studies of the structure of PZN-xPT had been
done on poled single crystals.4 Another motivating fac-
tor were the measurements by Noheda et al. that showed
that x-ray diffraction results on PZN-xPT single crystals
depended strongly on surface structures.9,14
Single crystals of PZN were grown via spontaneous
nucleation from a high temperature solution using PbO
as flux.15 Two triangular-shaped plates 1 mm thick and
with edges roughly 3 mm in length were cut with large
surfaces parallel to the cubic [111] axis from the same
as-grown single crystal. The faces of both crystals were
polished using a series of diamond pastes down to 3 µm,
and gold was sputtered onto the large faces of one crys-
tal, which was then poled at 200 C and cooled to room
temperature in a field of 20 kV/cm. The unsputtered
sample was neither poled nor thermally treated, thereby
leaving a potentially larger mechanical strain within the
crystal. (Our measurements have shown that the struc-
tures of the skin/bulk do not vary after thermal cycling
up to 800 K.) The x-ray measurements on PZN reported
here were all performed at the Brookhaven National Lab-
oratory National Synchrotron Light Source (NSLS), pri-
marily on beamline X-17B1, which can provide x-rays
with an incident energy of 67 keV and an energy reso-
lution ∆E/E = 10−4. The spatial extent of the focused
x-ray beam on the sample was 0.5×0.5 mm2. Additional
FIG. 2: Radial scans of the x-ray scattering intensity mea-
sured across the PZN (111) Bragg peak. Panels on the
left (right) correspond to measurements made with 10.7 keV
(32 keV) incident energy x-rays. Different panels correspond
to different locations on the crystal surface.
measurements were made on beamline X-22A, which pro-
vided access to lower incident x-ray energies of 32 and
10.7 keV.
Figure 2 shows measurements on the unpoled single
crystal of PZN at room temperature (which is well below
the reported value of Tc = 410 K) using two different
incident energies of 10.7 and 32 keV, corresponding to
penetration depths of 13 µm and 59 µm, respectively.
The different panels in each figure column correspond to
measurements made on different locations of the crystal
surface. The data correspond to radial (θ − 2θ) scans of
the scattering intensity measured across the (111) Bragg
peak, which must split into two peaks in a rhombohedral
phase. It is immediately apparent that the different mea-
surements do not confirm a single crystal structure. The
top-left panel shows a cubic-like single peak at one lo-
cation (panel (a)), whereas a two-peaked structure, sug-
gestive of rhombohedral symmetry, is observed at two
others (panels (b) and (c)). The same discrepancy holds
at the higher incident x-ray energy of 32 keV (panels (d)
and (e)) even though these data correspond to a deeper
penetration depth.
In order to probe the structure to still greater depths
within the crystal, x-ray measurements were made of the
same (111) reflection at an incident energy of 67 keV,
which corresponds to a penetration depth of 412 µm.
The upper panel of Fig. 3 shows the resulting (111)
Bragg peak profile, using the same radial scans shown in
Fig. 2, at temperatures above (650 K) and below (300 K)
Tc = 410 K.
5 Remarkably, a single, resolution-limited
peak is observed at both temperatures thereby indicat-
ing the absence of the rhombohedral phase previously re-
ported by Lebon et al. At all different locations measured
on the crystal at this energy, only a single resolution-
limited (111) Bragg peak was observed. An effort to re-
produce the lower energy (8.9 keV from Cu Kβ radiation)
results of Lebon et al. were made by repeating the same
3FIG. 3: Top panel: radial scans of PZN (111) Bragg peak
measured at 300 K (open circles) and 650 K (closed circles)
using 67 keV incident energy x-rays. Bottom panel: radial
scans of PZN (111) Bragg peak measured at 300 K (open
circles) and 650 K (closed circles) using 10.2 keV incident
energy x-rays. Inset shows temperature dependence of the
rhombohedral angle α.5
FIG. 4: Radial scans through the (111) Bragg peak at
300 K for PMN (top panel), PMN-4.5%PT (middle panel),
and PMN-8%PT (bottom panel). Open (closed) circles cor-
respond to an incident energy of 67 keV (10.2 keV).6
measurements at 10.7 keV. These data are shown in the
lower panel of Fig. 3 where it is seen that a cubic struc-
ture (single peak) is observed at 650 K as was the case at
67 keV. At 300 K, however, a clear split (111) Bragg peak
profile is seen, consistent with a rhombohedral distortion.
The temperature dependence of the rhombohedral angle
α is plotted in the inset to Fig. 3, and gives a transi-
tion temperature of 410 K, also consistent with previous
reports.
This combination of x-ray measurements, which
FIG. 5: Composition dependence of the rhombohedral angle
α. Closed circles correspond to the skin, or outer-layer, mea-
sured at 10.2 keV. Open circles correspond to the crystal bulk
measured at 67 keV.6
probed varying depths of the PZN near-surface region,
provides conclusive evidence for the existence of a skin
effect whereby the bulk and skin of a single crystal ex-
hibit different structures. Additional evidence of this ef-
fect was reported in a recent neutron scattering study
on PZN by Stock et al., who found that the Bragg peaks
broaden significantly below the x-ray determined value of
Tc = 410 K along both the radial and transverse direc-
tions, but saw no sign of a rhombohedral distortion.16 As-
suming that the phase diagrams of PZN-xPT and PMN-
xPT should be ”universal,” the high-energy x-ray data
on PZN reconcile the puzzling discrepancy at x = 0 in
that they demonstrate that both PMN and PZN retain
an average cubic structure down to low temperatures.
This leads naturally to the question of how the skin is af-
fected by the addition of PbTiO3 (PT). To answer this,
three single crystals of PZN-xPT with PT concentrations
x = 0, 4.5%, and 8% were studied at room temperature
by Xu et al. in the same manner as described above, i.
e. using incident x-ray energies of 10.2 keV and 67 keV.
The data are shown in Fig. 4.6 The top panel summarizes
the situation just described for PZN (x = 0), where skin
and bulk exhibit different crystal structures at 300 K. At
a PT concentration of 4.5%, however, both the skin re-
gion (10.2 keV data) and the crystal bulk (67 keV data)
exhibit a rhombohedral phase. The difference here is
that the bulk rhombohedral phase is characterized by a
smaller rhombohedral angle α than is that of the skin.
Similar results were obtained at a PT concentration of
8%, just below the MPB, where again both skin and bulk
exhibit a rhombohedral distortion, but with a smaller
value of α measured in the bulk. Given the penetration
depth of the 10.2 keV x-rays, the thickness of the skin
was estimated at roughly 10 µm−50 µm for all samples.
The PT dependence of α for both the outer-layer skin
region and the crystal bulk is given in Fig. 5.6 These
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FIG. 6: Temperature dependence of the rhombohedral angle
α and diffuse scattering measured with x-rays by Dkhil et al.
on PMN-10%PT.20 Lines are guides to the eye.
data demonstrate that the addition of ferroelectric PT
stabilizes a low-temperature rhombohedral phase that is
otherwise absent in pure PZN, and they provide new
insight into the way the structure of the relaxor PZN
evolves as one approaches the MPB where the greatest
piezoelectric response is observed. The x-ray studies of
PZN reported here have exploited the variability of the
penetration depth by appropriate tuning of the incident
x-ray energy. Neutrons, by contrast, have penetration
depths of order 1 cm, and thus provide bulk information.
Motivated by the x-ray work on PZN, a program of neu-
tron scattering measurements on PMN-xPT crystals was
undertaken to determine how the rhombohedral phase
evolves when adding PT into pure PMN.
III. MODIFIED PHASE DIAGRAM OF
PMN-xPT: NEUTRONS
The accepted phase diagram for PMN-xPT, shown
previously in Fig. 1, indicates that a cubic-to-
rhombohedral phase transition takes place for x less
than about 32%.17,18 The solid data points are values
of the transition temperature Tc measured by different
authors,19 and the solid line is a linear fit to these data.
The solitary open circle at x = 0 corresponds to the first-
order phase transition that has been reported to occur in
PMN near 213K, but only after first cooling in an elec-
tric field E ≥ 1.7 kV/cm.3 The notation C shown by the
arrow is used to denote the fact that PMN retains an av-
erage cubic structure below this temperature when zero-
field cooled (ZFC). A monoclinic (Mc) phase was discov-
ered by Noheda et al.18 at higher PT concentrations next
to the well-known morphotropic phase boundary (MPB)
separating the Mc phase from the tetragonal phase.
An interesting and detailed comparative study between
PMN and PMN-10%PT was carried out by Dkhil and
co-workers using both x-ray and neutron scattering tech-
niques on powder and on single crystal samples.20 Their
results point to the existence of competing rhombohe-
dral and tetragonal order that never produces a ferro-
electric distortion in PMN, but does in PMN-10%PT
below a critical temperature Tc = 285 K. In addition
to a rhombohedral phase, critical-like diffuse scattering
was observed that peaked at Tc. The temperature de-
pendence of both this diffuse scattering, as well as the
rhombohedral angle α is given in Fig. 6.20 Subsequent
x-ray scattering experiments by Ye et al. on a series of
PMN-xPT samples detected a low-temperature rhombo-
hedral distortion for PT concentrations as small as 5%.19
Because all of the published x-ray and neutron structural
data agree in the case of PMN (both indicate a persis-
tent cubic phase down to 5 K) it was believed that the
skin effect in the PMN-xPT system, if it exists at all,
must be significantly smaller than that in PZN-xPT. To
test this idea, a single crystal of PMN-10%PT was ob-
tained for the purpose of performing a high resolution
neutron structural characterization of the material over
a wide range of temperatures.7 The dashed vertical arrow
in Fig. 1 locates the structural transition at 10% PT.
The neutron scattering study was performed on the
BT9 triple-axis spectrometer located at the NIST Center
for Neutron Research. Diffuse scattering measurements
were performed using fixed incident and final neutron
energies Ei = Ef =14.7meV (λ = 2.36 A˚), which were
obtained via Bragg diffraction from the (002) reflection
of highly-oriented pyrolytic graphite (HOPG) crystals as
monochromator and analyzer, and relatively relaxed hor-
izontal beam collimations of 40′-46′-S-40′-80′ (S = sam-
ple). To maximize the instrumental q-resolution, and
thus the sensitivity to subtle structural distortions and
changes in lattice spacing, the spectrometer was oper-
ated with a perfect Ge crystal as analyzer. More im-
portantly, the d-spacings of both the analyzer and the
PMN-10%PT Bragg reflections were specifically chosen
to match one another as closely as possible. This latter
condition yields a minimum in the instrumental longitu-
dinal q-resolution.21,22 For the perovskite PMN-10%PT
sample the d-spacings associated with the (111) and (022)
Bragg peak (2.333 A˚ and 1.4287 A˚, respectively) are well-
matched with those for Ge (220) and (004) (2.000 A˚ and
1.4143 A˚). Our choice of horizontal beam collimations
of 10′-46′-S-20′-40′ was based on Monte Carlo intensity
simulations to improve the q-resolution without an un-
reasonable reduction in intensity.23 An incident neutron
energy of 8.5meV was used for measurements of the
(111) Bragg peak, which was provided via a highly ori-
ented pyrolytic graphite monochromator, and resulted
in a sharp q-resolution of 0.0018 rlu FWHM (1 rlu =
2π/a = 1.5576 A˚−1). The measurements of the (022)
Bragg peak yielded an even better q-resolution approach-
ing 0.0010 rlu FWHM, thanks to a more closely matched
d-spacing condition between sample and analyzer.
A 2.65 g single crystal of PMN-10%PT, with approx-
imate dimensions of 4 × 9 × 11 mm3, was produced us-
ing a top-seeded solution growth technique.24 The crystal
mosaic full-width at half-maximum (FWHM) measured
at the (200) Bragg peak at 500 K is less than 0.06◦ in-
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FIG. 7: Neutron diffuse scattering intensity measured as a
function of temperature at ~Q = (3, q, q) on a PMN-10%PT
single crystal. The inset shows the full diffuse scattering pro-
file measured along the [011] direction (transverse to ~Q) at
200K and 450K.7
dicating an excellent quality sample. Access to Bragg
reflections of the form (hhh) and (0ll) were needed to
study the rhombohedral phase; therefore the crystal was
mounted with the [011] axis aligned vertically. The sam-
ple was then mounted inside a high-temperature closed-
cycle 3He refrigerator and fixed to the goniometer of the
BT9 triple-axis spectrometer.
The neutron diffuse scattering data on PMN-10%PT
were measured near the (300) Bragg peak (along the [011]
direction) where it is known that such scattering is very
strong.25 The temperature dependence of the diffuse scat-
tering is shown in Fig. 7 at several selected values of the
reduced wavevector q.7 An immediate discrepancy is ap-
parent between these and the x-ray data of Dkhil et al.
shown in Fig. 6 inasmuch as the neutron diffuse scatter-
ing data do not exhibit a peak at any temperature down
to 50 K. Instead, a slight suggestion of a change in slope
is observed in the vicinity of Tc = 285 K for q = 0.06 rlu.
The inset to Fig. 7 shows two full scans of the (300) peak
at 200 K and 450 K showing the strong growth of the
diffuse scattering intensity with decreasing temperature.
The presence of strong diffuse scattering below Tc di-
rectly contradicts the x-ray results, which were obtained
using an incident x-ray energy of 8.9 keV. This finding
strongly suggests that a skin effect is also present in the
PMN-xPT system as it provides a natural explanation
with which to reconcile the neutron and x-ray measure-
ments.
Neutron scattering measurements were made at both
the (111) and (022) Bragg reflections of the PMN-10%PT
sample using the high q-resolution configuration of the
BT9 spectrometer described earlier. All reflections of
the form (hhh) and (0ll) must split into two in the pres-
ence of a rhombohedral distortion because the unit cell is
elongated along one diagonal and compressed along the
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FIG. 8: Comparison of x-ray measurements by Dkhil et al.
at (222) (top)20 and our neutron measurements at (111) (bot-
tom) on PMN-10%PT. The horizontal scale of the x-ray data
have been reduced by a factor of two to allow direct compari-
son with the neutron (111) data. Solid bars indicate the BT9
instrumental q-resolution FWHM.7
others, thus giving rise to two distinct d-spacings. Hence
(111) and (111) Bragg peaks will no longer be identically
situated in reciprocal space, and their relative intensities
will give the relative domain populations for each reflec-
tion. Radial scans of the neutron scattering intensity
across the (111) Bragg peak are presented in Fig. 8 both
above and below Tc = 285 K, and these are compared to
equivalent scans across the (222) Bragg peak measured
with x-rays.7 The horizontal scales of the x-ray data have
been adjusted to allow for a direct scan by scan compar-
ison.
At high temperatures, both neutron and x-ray data
show a single resolution-limited Bragg peak consistent
with a cubic structure. But below Tc the x-ray measure-
ments reveal a definitive splitting of the (222) Bragg peak
whereas the neutron data do not. Instead, the neutron
measurements continue to show a single peak. Moreover,
the neutron peak width is less than the splitting observed
in the x-ray scan, thus providing even stronger confirma-
tion of the absence of any rhombohedral distortion in the
bulk of the PMN-10%PT single crystal. Some broaden-
ing is apparent in the neutron case at 100 K. This could
either be the result of internal strain, which would mani-
fest as a radial broadening, and/or it could be due to the
contribution from the skin. Spatially resolved neutron
diffraction measurements of the near-surface strain by
Conlon et al. in a single crystal of pure PMN, where both
a dramatic change in the lattice constant and the Bragg
peak intensities is observed over a length scale of order
100 µm,8 suggest that strain is the most likely source of
60
1000
2000
3000
4000
5000
4.040
4.042
4.044
4.046
4.048
4.050
4.052
4.054
In
te
n
si
ty
 (
co
u
n
ts
/1
0 
se
c) L
attice co
n
stan
t (A
)
Sharp Component
o
PMN-10%PT Q = (022)
T
c
L
attice co
n
stan
t (A
)
0
1000
2000
3000
4000
4.040
4.042
4.044
4.046
4.048
4.050
4.052
In
te
n
si
ty
 (
co
u
n
ts
/1
0 
se
c) Broad Component
o
T
c
0
100
200
300
400
500
600
700
0 100 200 300 400 500 600 700
G
au
ss
ia
n
 F
W
H
M
 (
rl
u
 x
 1
0-
5 )
Temperature (K)
T
c
Broad
Sharp
FIG. 9: Temperature dependence of the two component fit-
ting analysis for the (022) Bragg peak measured with high
q-resolution. Top and middle panels compare the intensity
and
this broadening, and will be discussed in the following
section.
The thermal expansion of the PMN-10%PT sample
was measured from 10 K to 600 K by carefully measuring
the (022) Bragg peak radial profile with high q-resolution.
It was noted that these data were significantly better fit
using the sum of two Gaussian functions of q, one sharp
and the other broad. The temperature dependences of
the resulting peak intensity and lattice spacing for these
two components are shown in the top and middle panels
of Fig. 9. The notable feature here is that the sharp com-
ponent intensity and associated lattice constant show no
significant feature that correlates with Tc. By contrast,
the same parameters associated with the broad compo-
nent correlate quite well with the x-ray determined value
of Tc. In particular, the thermal expansion shown in the
middle panel behaves as expected for a normal ferroelec-
tric.36 We emphasize here that the broad component is
a single peak, and still quite narrow, and thus does not
represent a rhombohedral distortion. Rather the broad
peak is believed to represent a highly strained region of
the crystal bulk.
The lattice constant associated with the sharp compo-
nent is intriguing in that it exhibits an almost temper-
ature independent behavior from 10 K to 400 K, with
the d-spacing changing by less than 0.001 A˚ over this
temperature range. However at 400 K both the lattice
constant and the peak intensity exhibit abrupt changes.
Indeed, the rate of thermal expansion becomes extremely
large, being roughly 10−5 K−1, which is considerably
larger than the value 10−6 K−1, which is typical of other
oxides. It is suggestive that this temperature is very
close to those observed in pure PMN and PMN-20%PT,
where both the maximum broadening of the TA mode
occurs and the minimum value of the TO soft mode is
obtained.26,27,28 The bottom panel of Fig. 9 shows the
variation of the peak widths (FWHM) for the two Gaus-
sian components. In this case it is interesting that the
sharp component FWHM appears to correlate more ob-
viously with Tc than does that of the broad component.
IV. DEPTH-DEPENDENT LATTICE
PARAMETER AND SURFACE STRAIN IN PMN:
NEUTRONS
The x-ray and neutron results obtained on PMN-
10%PT, when viewed together, point strongly to the
presence of a skin effect like that documented by Xu
et al. in PZN. The concept of a near-surface region
having a structure distinct from that of the bulk would
also provide a natural explanation of the results from
x-ray and neutron powder diffraction studies of the low-
temperature structure of both PMN and PZN, for which
a two-phase model, one cubic and the other rhombohe-
dral, is required to describe the observed powder peak
intensity profiles.11,29 Because neutrons interact weakly
with matter (typical penetration depths being of order
1 cm) any observable scattering signal from the skin
would imply a substantial skin volume. This could be
the result of a ”thick” skin of order many microns in sin-
gle crystals, or a large effective surface area, as would be
the case in powdered samples.
To examine this idea, neutron residual stress measure-
ments were performed by Conlon et al. on the L3 double-
axis spectrometer, which is located at the National Re-
search Universal (NRU) reactor at Chalk River Labora-
tories, in order to study neutrons diffracted from a very
large 9.3 cc single crystal of PMN as a function of depth.8
The PMN crystal was grown by the modified Bridgeman
technique, the details of which are described elsewhere.30
A schematic diagram of the L3 instrument is shown in
Fig. 10, where a Ge(113) crystal was used to monochro-
mate the incident beam to an energy of Ei = 14.5 meV,
and horizontal beam collimations of 60′-30′-S-30′ were
used in conjunction with cadmium (strong neutron ab-
sorbers) slits placed both before and after the sample. An
7FIG. 10: Schematic diagram of the neutron residual stress
instrument used for spatially resolved measurements of strain.
The gauge volume is that region of the crystal bounded by
the intersection of the incident and scattered neutron beams,
which are given by the solid lines The slits on the incident
and scattered beams were 5 mm tall and 300 µm wide.8
HOPG filter was placed in the incident beam to remove
higher order harmonics (i. e. neutrons with wavelengths
λ/2, λ/3, etc.). The crystal was cut in order to pro-
vide a large and well-defined 100 surface, and neutrons
scattered from the (200) Bragg peak from this surface at
room temperature were recorded in a reflection geometry
as indicated in the schematic.
The residual stress technique allows a measurement of
lattice strain as a function of depth normal to the crys-
tal surface through the use of narrow absorbing slits, or
masks, that provide a high degree of angular collimation
of both the incident and scattered beams. The result
is that only neutrons scattered from a small ”gauge”
volume, represented by the diamond-shaped region in
Fig. 10, are recorded by the detector. By translating the
large single crystal along the scattering vector ~Q, in this
case the (200) Bragg peak, and then measuring radial
scans of the Bragg peak intensity at each value of trans-
lation, the lattice constant of the sample can be probed
as a function of depth.
Data from theta − 2θ scans are shown in Fig. 11 for
three different translational settings.8 Two features are
readily apparent from this figure: the first is the shift of
the center of the (200) Bragg peak in 2θ, thus indicating a
measurable change of the lattice parameter over a depth
of 0.3 mm (300 µm), while the second is the dramatic
change in the peak intensity. This latter effect is due to
the extinction effect, which has been observed previously
in analogous neutron scattering measurements of the sec-
ond length scale phenomenon in Tb and SrTiO3 for which
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the PMN crystal along the [100] axis Dashed lines are fits to
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a residual stress configuration was used.31,32,33,34 As a
cross check of these data, a perfect germanium single
crystal was studied in exactly the same way using the
Ge (220) reflection. The d-spacing of the Ge (220) Bragg
peak is almost identical to that of the PMN (200) Bragg
peak. This allows the instrument scattering angles to
remain nearly the same, and thus provides a direct test
of the observed change in lattice parameter with depth
(translation). Unlike the case of PMN, no significant
strain or change in lattice spacing was observed in the
near surface region of the perfect germanium single crys-
tal over a depth of more than 1000 µm. An additional
check was made by measuring rocking curves (θ scans)
to determine the crystal mosaic as a function of depth.
The mosaics obtained near the surface and deep within
the bulk were both measured to be 0.185± 0.007◦, thus
demonstrating that the change in lattice constant is not
an artifact of a variation in mosaic spread or the presence
of another crystal domain near the surface.
Figure 12 shows the depth dependence of the (200)
Bragg peak intensity (top panel) and the crystal lattice
spacing (bottom panel) over a range exceeding 500 µm.8
The large variation in the peak intensity is due to the
extinction effect mentioned above, and cannot be as-
cribed solely to the linear attenuation of the incident
and scattered neutron beams as they traverse through
the PMN crystal. The variation of Bragg intensity is im-
portant, however, as it can be used to locate the surface
of the sample on the translation axis. The crystal surface
should correspond to the translation that gives the maxi-
mum intensity as this will be when the gauge volume lies
completely below the crystal surface. At this point, the
scattering volume is a maximum, while the effects from
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FIG. 12: Top panel: (200) Bragg peak intensity as a func-
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d0 is the bulk value of the lattice spacing d. The location of
the crystal surface is indicated by the vertical dashed line.8
extinction are minimal. The bottom panel shows a strong
variation in the lattice spacing spanning several hundred
microns (see Fig. 11), and thus confirms the existence of
a skin effect in pure PMN. It thus appears to be the case
that the skin is not ”thin” in PMN; rather the crystal
structures of the bulk and skin are both cubic, and there
is a substantial near surface strain.
All of the residual stress measurements presented so far
were performed at room temperature. Figure 13 shows
data obtained in a manner identical to that in the bot-
tom panel of Fig. 12, but at three higher temperatures,
namely 400 K, 500 K, and 700 K. The striking aspect
of these data is the reversal of the strain minimum ap-
parent at 300 K in Fig. 12, which slowly evolves into a
maximum at 700 K in the bottom panel of Fig. 13. While
the number of temperatures reported here are insufficient
to draw any definitive conclusions about this effect, it
is very interesting to note that the Burns temperature
Td, below which local regions of randomly oriented polar
order on a nanometer scale first appear,35 lies between
600 K and 700 K. It is tempting to speculate that these
polar nanoregions might have some relationship to the
skin, and that they may also play an important role in
the invar-like thermal expansion observed from 10 K to
400 K.
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the crystal surface is indicated by the vertical dashed line.
V. DISCUSSION
The combination of x-ray and neutron measurements
presented here provide conclusive proof of a significant
surface layer in single crystal specimens of both PZN-
xPT and PMN-xPT systems. The presence of this skin
has led to incorrect phase assignments in the phase di-
agrams of both systems inasmuch as no rhombohedral
phase is present at sufficiently low PT concentrations in
either case, the low-temperature phase remaining cubic.
A crossover to a low-temperature rhombohedral phase
does take place in PZN-xPT between x = 0 and x = 4.5%
whereas a similar crossover occurs in the PMN-xPT sys-
tem between x = 20% and x = 27%˙36 That the skin
effect persists over such a large temperature range, and
that the skin thickness spans many tens of microns, are
extremely unusual. In the case of the second length scale
phenomena observed in Tb and SrTiO3, the anomalous
extra component in the critical scattering associated with
a phase transition was also observed over a large depth
of order 100 µm, but it persisted only over a very limited
temperature range.31,34 In some of these relaxor com-
pounds, the skin and crystal bulk could exhibit different
crystal structures (PZN and PMN-10%PT), while in oth-
ers they possess the same structure (cubic or rhombohe-
dral), but with either different lattice spacings (PMN) or
9different sized rhombohedral distortions (PZN-4.5%PT
and PZN-8%PT). Some logical questions for future study
are whether or not the skin varies with electric field? If so
does it get bigger or smaller? Such studies are in progress,
including one to examine the field-induced transition in
PMN with high-q resolution, as well as the effects on
the strong diffuse scattering.37 It is evident that future
theoretical models of these relaxor systems will need to
account for the observed anomalous skin effect.
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